Abstract. In layer-oriented adaptive optics, multiconjugation is performed in a much more efficient way than conventional wavefront sensing. This improved efficiency is impressive for high altitude layers and moderate for ground ones. On the other hand, high altitude layers can be covered with only a limited field of view (where one can search for natural guide stars) while for ground layers the usable field of view is limited essentially by practical reasons. We introduce the further concept of multiple field of view layer-oriented adaptive optics where a combination of sampling and covered field leads easily to sky coverages for 8 m class telescopes that nearly approach the whole sky with the usage solely of natural guide stars. The extension of the concept to much larger apertures is also discussed.
Introduction
Multi Conjugate Adaptive Optics (MCAO) has been introduced by Beckers (1989) as a way to overcome Field of View (FoV) limitations, typical of classical Adaptive Optics (AO, Beckers 1993) . In MCAO more than one Deformable Mirror (DM) is conjugated to a specific height in the turbulent atmosphere in a way that, to a certain extent, one can cancel out the atmospheric turbulence in a three-dimensional way, although with a strong discretization along the range direction. While MCAO essentially refers to the way DMs introduces correction in the optical path, a key role is played in the way these DMs are driven by the WaveFront Sensor (WFS) unit(s). In this framework Tallon & Foy (1990) introduced the concept of tomography in order to disentangle numerically, and in an open-loop fashion, the turbulence at some altitudes, from the independent measurements on a certain number of reference stars by classical WFSs, like Shack-Hartmann (S-H) or curvature ones. Later this concept was rewritten in a more robust modal form, named modal tomography ) that soon was proven on the sky although in a very crude and preliminary form. In the meantime a completely Send offprint requests to: R. Ragazzoni, e-mail: ragazzoni@arcetri.astro.it different approach, named Layer-oriented (LO), has been introduced (Ragazzoni 1999a; where several reference stars are simultaneously sensed by a single WFS with one or more detectors that can be optically conjugated to a specific altitude. To increase the sky coverage using only Natural Guide Stars (NGS) on 8 m class telescopes, we introduce here an extension of the LO concept, called Multiple Field of View Layer-oriented Adaptive Optics. We show that this new approach allows for relevant sky coverage, of the order of one fifth of the sky at the Galactic Poles and approaching full coverage on the Galactic equator and at moderate Galactic latitudes. This new technique allows us to compete with LGS-based sky coverages even using a number of conservative assumptions. It must be pointed out that in the following we do not make any global optimizations but we adopt reasonable a priori choices on the parameters. Other important assumptions are that we limit the number of reference stars to 20, which is modest compared to similar figures for Multiple Object Spectrographs using similar technology (Fabricant et al. 1994; Watson et al. 2000; Gillingham et al. 2000) , we implement the noise propagation coefficients of Shack-Hartmann rather than the pyramid ones and we assume quantum efficiencies and Read-Out-Noise in some cases even worse than what is really achieved on classical AO systems. Of course these features will play some role in the overall efficiency (Sect. 7), in a way that the final sky coverage will turn out to be even larger than devised here.
The structure of the article is the following:
-in Sect. 2 we present a review of the LO approach; -in Sects. 3 and 4 the new concept is described; -a detailed calculation of the sky coverage achieved is performed in Sect. 5; -a possible opto-mechanical layout is presented in Sect. 6; -we discuss finally in Sect. 7 improvements resulting from the optimization of the system, together with possible extensions of the concept.
The layer-oriented concept
The major difference between the LO concept and the global reconstructor MCAO approach, described for instance in Ellerbroek (1994) , is the different method of combining the wavefront information provided by the reference stars ( Fig. 1 ).
In the global reconstructor method, the wavefront sensing is performed in a star-oriented mode and the reference signals are combined by means of a global reconstruction matrix, to compute the commands for the DMs. In a LO system, a threedimensional copy of the atmosphere is formed in the image space, by optically combining the light from the reference stars.
Here several detectors are placed, conjugated to different atmospheric layers; each detector drives a DM conjugated to the same layer, forming an independent AO loop focussed onto a specific atmospheric slab. While a numerical implementation of LO is possible, collecting the wavefront measurements in a star-oriented fashion and combining them in a LO scheme, we limit here the discussion to the optical implementation. We also take the opportunity to clarify a misconception about LO, perhaps induced by its name: one might think that this approach would essentially correct only the layers where the DMs and the related detectors are conjugated. Of course this is not true and, moreover, provided that a proper choice of the reference stars is made, the volume of atmosphere can be corrected, with a degree of correction confined to the smaller frequencies as much as the considered layer is distant from the conjugated DM. According to Kolmogorov power distribution of the atmospheric turbulence, however, most of the turbulence itself can be compensated for a significant portion of height, the exact value depending upon the corrected FoV. In the optical LO approach, whenever the loop closure is obtained, each detector essentially sees its conjugated atmosphere slab through the coaddition of several, even singularly faint, reference stars. On the other hand in global reconstructor MCAO the coaddition is still possible in a numerical fashion, but the sensitivity to fixed noise introduced by the WFSs, like read-out-noise in detectors or calibration errors, is unfavourable. One of the differences is the splitting of the light between the ground and the high altitude channels (in the case of two DMs), but this effect is taken into account in all the computations made in the following sections.
The complexity of the LO WFS essentially scales with the number of DMs and related detectors rather than with the number of sensed references. This allows, in principle, to sense simultaneously a huge number of stars, even faint and otherwise useless. The advantages described so far are essentially of a technical nature and, although they are of great relevance, especially when scaling up to large telescope diameters, it has been evident to us from the beginning that the LO approach can achieve very efficient performance. Since each independent loop corrects a specific volume of atmosphere, it may be tuned to the statistical properties of that volume, namely the Fried parameter r 0 and Greenwood frequency f G . In this way, for instance, the detector conjugated to the high altitude layer could be used in a sampling mode embracing a local r 0 that can be significantly larger than the ground one and, the wind speed on the ground being significantly lower than the high altitude one, integration times for the ground layer conjugated detector can be significantly longer. This tuning of the system translates into an optimization of the photon density per subaperture on the detectors, thus improving the Signal to Noise Ratio (SNR).
LO MCAO has been studied with regards to stability and it has been found essentially equivalent to the global reconstructor MCAO approach in a set of interesting conditions ). Moreover it is easy to see that it is nearly equivalent to the optimum achievable correction, at least in a linear sense (Ragazzoni & Ghedina 2000) .
An additional interesting feature is that it allows the natural use of the pyramid wavefront sensor (Ragazzoni 1996) . Actually the LO approach fits well with any pupil-plane WFS but the advantage of using the pyramid is represented by the limiting magnitude gain over the Shack-Hartmann WFS (SHS), as pointed out by Ragazzoni & Farinato (1999) and by Esposito & Riccardi (2001) .
All the mentioned above concepts lead to the speculation that, provided all these conditions (tuning of spatial and temporal sampling to a restricted volume of atmosphere, large number of references and additional gain introduced by the closed loop operations on a pyramid WFS) are successfully met and combined positively, good sky coverages could be obtained with the usage of NGSs alone, solving istantaneously (as a plus, in case this would be necessary) the tip-tilt indetermination problem (Pilkington 1987; Rigaut & Gendron 1992) and of course all the technical issues of reliability and efficiency related to the massive use of a significant number of artificial reference beacons. This approach is completely different from a previous conjecture (Ragazzoni 1999b ) that assumed the global reconstructor MCAO had to be adopted, leading to very large FoVs. This raised doubts (Rigaut et al. 2000) on its practical implementation possible only on Extremely Large Telescopes (ELTs, Gilmozzi et al. 1998; Nelson 2000) .
Where is the gain in the layer-oriented approach?
In LO AO the concept of limiting magnitude, common in conventional AO and to a certain extent applicable also to global reconstructor MCAO, is lost in favour of the concept of equivalent photon density at a given layer. Such a photon density is obtained by the concurrent fluxes of several stars. It is clear that the achievable correction depends upon the light coming from different references, in a way that these, while sensing the atmospheric turbulence, co-add to produce a SNR higher than the one achievable by simple AO. In LO AO this coadding is obtained optically: the signal from the reference stars are superimposed with single re-imaging optics and the read-out is performed only once on the overall signal. As it has been shown by , the total signal delivered by the multi-pyramid WFS is the weighted average of the signals provided by the single stars, with weights proportional to the corresponding intensity. This property makes the estimated wavefront more sensitive to bright stars than to faint ones. However faint stars are more frequent than bright ones in any NGS asterism ) and a group of faint sources is substantially equivalent in LO to a single bright star, thanks to the optical co-addding of the light. The aim of LO is not to find out the maximum correctable FoV for a given performance; on the contrary it starts from a given FoV, where the reference stars are spread, and allows one to obtain a compensation (a partial one whenever the FoV is large) as good as possible in the whole FoV. With respect to this, it has been shown ) that the correction provided by LO is optimal, in the framework of linear systems theory, when the FoV is discretized according to the directions of the guide stars.
In principle, enlarging the technical FoV where the guide stars are selected allows us to increase the probability of finding suitable reference sources for wavefront sensing and this translates into a higher photon density and S NR. A major limitation in this respect is the existence of an upper limit θ γ on the FoV that can be adopted to increase the photon density on a given altitude layer, as we show in the following. Let us define γ as the average number of photons per square meter per second and per unit solid angle falling on a surface exposed to a given FoV of angular aperture θ. Of course γ has just a statistical significance and depends on the galactic latitude and longitude (l, b) where the cone beam of aperture θ is centered. Moreover it may depend on how the starlight is pre-treated: without any selection of stars, γ coincides with the equivalent sky brightness (Roach & Megill 1960 , 1961 and, for practical reasons, the selection may be limited only to a certain number of stars N S . Nevertheless, we suppose that the figure γ(N s , l, b) can be retrieved in some way. A telescope of diameter D, collecting light from a given FoV θ, will experience a certain equivalent density of photons per unit area dS that is different depending on the considered distance from the entrance pupil, reaching its maximum at the ground. It is shown in the text, although it may be evident from the drawing itself, that the photon density grows with θ 2 for the ground layer, while it approaches a certain limit for a given distance h.
Assuming we use a telescope with a circular aperture of diameter D embracing a FoV of full angular size θ, a layer at altitude h (see Fig. 2 ) will experience an average density of photons given by
where S is the area of the meta-pupil, representing the circular region including all the star footprints projected onto the considered layer, and S 0 is the area of the telescope pupil, given by
Recalling that the diameter of the meta-pupil at the given altitude h is larger than the pupil diameter D by the amount hθ, one can write
where the terms related to the linear obstruction ratio ε have been omitted for simplicity. One can now define a characteristic angle
such that Eq. (1) can be written as
and, in the special case of very large FoV with respect to the angle θ γ ,
showing that, incrementing the FoV, the photon density does not steadily increase but tends to the one given by the θ γ angle. This result can be understood considering that, when the FoV is increased more than a certain angle, the footprints generated by the angular directions at the edge of such a FoV no longer overlap and a further FoV enlargement increases the amount of collected starlight, but also the area over which the photons are spread, with no net density improvement. The treatment followed above is a very rough one and it is easy to see that it fails to predict the exact behaviour of σ(θ) just around θ ≈ θ γ . In fact it is assumed that the additional starlight collected by enlarging the FoV is uniformly spread over the whole surface S . It is clear that this is not true and, for instance, in a footprint centered on the optical axis, there will be strictly no improvement of photon density whenever the FoV is larger than θ γ (a consideration that gives to θ γ a significance even larger than what expected from Eq. (5)). It is also clear that a more accurate analysis has to include a number of details and the inherent discretization of the problem leads us to the convinction that only a detailed numerical simulation, that is beyond the limits of this paper, can give some more significance to the σ(θ) behaviour.
The angle θ γ is not the only limitation. First of all it has to be recalled that increasing the FoV has to be paid in terms of efficiency of the atmospheric correction in the portion of atmosphere far away from the locations where the DMs are conjugated. But there are also practical limitations to the arbitrary increase of the FoV. Once the technology for the DMs has been chosen, one is faced with the problem of designing the optical system to conceive a certain FoV with the proper altitude reimaging onto such DMs. This imposes practical limits on the maximum achievable FoV. This limit, on the other hand, is inherently existing also in the optical design of the telescopes. While we do not exploit here the comparison with the FoV required by LGSs, we just note that a practical limit much smaller than, for instance, 1
• has to be practically accomplished (the exact figure depending upon the type of telescope, the adopted DM technology and a number of other factors). Therefore θ γ may be unrelevant with respect to more practical limitations. Trivially, this is the case for the ground layer where h = 0 and θ γ = ∞. Even a h = 1 km layer (a figure exceeding all the reasonable assumptions for ground layer conjugation) on a D = 8 m class telescope gives θ γ ≈ 0.5
• , by far larger than the maximum FoV imposed by practical limits. On the same telescope, however, considering a layer at h = 10 km, we obtain θ γ ≈ 2 45 , hence increasing the FoV in a LO approach more than this angle will give only marginal or no gain. We just note here that for a much larger telescope, θ γ can easily become unimportant with respect to other factors and the LO approach should exhibit a steady improvement in photon density in the whole range of reasonable FoVs. The main conclusion of this discussion is that the limiting angle θ γ may be important, with respect to practical limitations to the FoV, when considering high altitude layers on 8 m-class telescopes.
The optimization of the FoV for wavefront sensing is not the only degree of freedom to improve the photon density and the S NR. As already mentioned in Sect. 2, the system efficiency can be improved by tuning each loop to the spatial and temporal properties of the corresponding atmosphere slab. Roughly speaking, an increase of the local r 0 translates into a photon collection gain that scales with the third power of such an increase. In fact the spatial sampling area scales quadratically with r 0 , while the integration times scales linearly, leading to the cubic power scaling law. An increase of the local r 0 with respect to the overall one by a factor 2 . . . 3 (for a more detailed discussion on this point see Sect. 5.1 and Fig. 6 ) leads to an increase in limiting magnitude in the remarkable range 2.2 . . . 3.6, even though we recall that this result has been obtained assuming a flat wind speed distribution. A less favourable distribution will lead to a scaling law with a power in the range 2 . . . 3. It is important to note that the gain that can be achieved by tuning the spatial and temporal sampling of the loops is relatively small on the ground layer, but it can be large for the high altitude portion of the atmosphere.
We conclude this discussion with a couple of key statements, which are the basis of the Multiple FoV Adaptive Optics concept that we are going to describe in the following section:
1. the significative gain for the correction of the layers close to the ground can be achieved essentially by the adoption of a large FoV where enough photons can be collected efficiently from different directions in the sky; 2. on the opposite side, the gain in the high altitude layers is limited by an angle comparable to θ γ and must resides only in the spatio-temporal gain offered by the LO approach.
It is already evident from these considerations that the driver in terms of sky coverage will not depend upon the ground layer correction (where one can technically expand the covered FoV within reasonable limits) but on the high altitude layers, where the atmosphere sets the maximum achievable correction. Although we are going to confirm this result in the following sections, we leave to further investigation the task to identify possible strategies to relax such a limitation.
The multiple FoV concept
The most straightforward approach, though not the only one, to take into consideration the key points mentioned in the previous section is simply to use different covered FoVs for the different conjugated detectors. Moreover, once the ratio between the various FoVs is quite large, one should also consider the possibility to use nested anular fields: in fact, sharing the light from the innermost FoV will lead only to a limited improvement for the larger FoV, while it can substantially degradate the innermost one. In its simplest form, the Multiple-FoV layer-oriented MCAO concept can be conceived as follows:
-A nearly-ground layer associated with a large FoV, allowing for the compensation of the lowest portion of the atmosphere. The large FoV ensures a substantial gain in photon density, because θ γ is likely to be very large. On the other hand the spatio-temporal sampling is comparable to the one of the whole atmosphere column, since the local r 0 is only marginally larger than the overall one. -A high-altitude layer with a FoV of the order of θ γ where the gain is accomplished through a more efficient spatiotemporal sampling.
Following the discussion of the previous section, we adopt for the smaller FoV, associated with the high altitude layer, a reasonable figure of 2 , representative of a 8 m-class telescope.
Concerning the ground layer, instead, we consider a 6 FoV and, according to the previous remark, we limit this FoV to an anular region with inner and outer radius of 1 and 3 respectively. This figure is chosen here as a reasonable one, without attempting any optimization. The basic layout of such a system is illustrated in Fig. 3 . Two DMs are considered: the first is conjugated to the ground, or very close to it, while the second is conjugated to a certain altitude. The correction applied by the first DM is driven by a set of reference stars embracing a FoV of 6 in this example, while the second DM is driven by a different set of reference stars embracing a smaller FoV of 2 in the drawing. Layers not exactly conjugated to any DM will be corrected only at spatial frequencies lower than the ones defined by the footprints of the selected FoVs, like in any MCAO system. In this way the correction performed by the DM with larger FoV degradates more rapidly with the distance of the layer from the altitude where the DM itself is conjugated.
There are a number of comments possible on the described concept. Provided a suitable setup is adopted, a full correction, in a MCAO sense, can be achieved only within the small 2 portion of the FoV, which may be identified with the science FoV of interest. The anular region associated to the larger 6 FoV can be corrected only for ground turbulence. Although both compensations work in a closed loop fashion, in fact, the ground turbulence correction is perturbed by the uncorrected contribution of the high altitude layers. Strictly speaking the introduced compensation should correct (at least in the high S NR regime) the ground turbulence and should apparently replace it with superimposed replicas of the high altitude layers, one replica for each star in the 6 anular FoV, introducing some very low spatial frequency residual. Although the physical origin of these residuals is in the high altitude layers, these will appear optically, inside the MCAO system, as coming from the ground. One can say, in other words, that the effect of the LO closed loop associated to the large FoV and conjugated to the ground is to replace the ground layer with an hampered version of the high altitude turbulence. The consequence of the last consideration is that the system should really consider a number of three independent loops, the third concerning the correction of the ground residual mentioned above.
A more detailed description of the conceived system is shown in Fig. 4 . The same layout, seen from the data flow point of view, is shown in Fig. 5 . From the wavefront sensing point of view, the system can be seen as a combination of two LO units. The first WFS is associated to the central 2 FoV and has two detectors, one conjugated to the ground, the other to the high altitude layer. The second LO WFS is associated to the 6 anular FoV and includes only one detector, focused onto the ground portion of the turbulence. The system includes two DMs. The one conjugated to the high altitude layer is driven by the corresponding detector in the 2 WFS. The DM conjugated to the ground, instead, is driven by the detector of the 6 WFS and by the remaining detector of the 2 WFS conjugated to the ground. The former measures the ground turbulence collecting the information provided by a large number of stars over the 6 FoV, whereas the latter measures the residual due to the high altitude turbulence optically transferred onto the ground. From the opto-mechanical point of view, two different zones have to be considered on the focal plane: a central one, collecting the light from both the ground and the high altitude portion of the atmosphere in a 2 FoV, and a larger anular zone associated to the ground with a 6 FoV. A more detailed discussion on this point is presented in Sect. 6.
We just comment here on the fact that the third detector (the one measuring the high-altitude turbulence residual optically transferred onto the ground) may probably be avoided, also eliminating a beam-splitter in the 2 channel, which actually results in a loss of light on the detector conjugated to the high altitude layer. The corresponding signal might be computed with signal-processing dedicated techniques, applied to the measurements of the remaining two detectors. Although this point deserves attention, we leave it to further investigation and we consider in this paper the solution with three detectors.
The spatial and temporal sampling of the three detectors has to be tuned according to the properties of the corresponding portion of atmosphere at the wavefront sensing wavelength. The detector conjugated to the ground layer, looking at the larger anular FoV, has spatial and temporal sampling typical of the lowest part of the atmosphere. The other detector conjugated to the ground layer, looking at the inner 2 FoV, has spatial and temporal sampling typical of the higher part of the atmosphere, suitably adjusted in order to take into account the smoothing effect corresponding to the superposition of different shifted replicas of the turbulence, one for each reference star in the anular FoV. Finally the detector conjugated to the high altitude layer, looking at the inner 2 FoV, has a spatial and temporal sampling typical of the higher part of the atmosphere.
Even though a complete analysis of the loop stability of such a system is beyond the scope of this paper, we just note that the ground layer loop, associated to the 6 FoV, is likely to be very robust, due to the high number of reference stars, translating into a high S NR, and to the fact that the star fooprints overlap perfectly on the telescope pupil, hence the photon density is uniform. Furthermore the major contribution to the overall turbulence is usually concentrated in the ground layer and the effect associated to the high altitude turbulence should be negligible, or at least not sufficiently strong to perturb the stability of the ground loop (furthermore these will drop to nearly zero once the whole set of loops is closed).
Sky coverage calculation
The correction achievable by the MCAO system is limited by several factors, among which we mention the number of DMs and the size of the associated FoVs, the temporal bandwidth and the brightness of the reference stars. Once these parameters are fixed, the maximum achievable Strehl Ratio (S R) can be computed for a given atmospheric model. In practice this value of S R will be achieved only in the limiting case of arbitrarily large S NR, otherwise the measurement noise imposes a limitation on the accuracy of the correction. The sky coverage may then be defined as the fraction of sky where the number and brightness of reference stars ensure a S R at least as large as 50% the ideal value, achievable in the noise-free case. The profiles are defined by a set of normalized weights W i corresponding to the sampled altitudes H i . The weights represent the relative strength of the respective layers and they are scaled in order to fulfill the normalization condition:
For each turbulence profile, we have computed the characteristic Fried parameter r 0 of the lower and upper portion of the atmosphere, divided in two slabs by an ideal interface placed at a certain altitude H, which is depending on the conjugation range of the DMs. This interface separates the influence regions of the two DMs (see Sect. 5.2) . The values of r 0,bottom and r 0,top for different profiles have been computed according to the relations
and
where an overall Fried parameter r 0 = 30 cm has been assumed. The graphs in Fig. 6 show the resulting r 0,bottom and r 0,top plotted as a function of the interface altitude H. Choosing for instance the interface altitude at 4 km, from range and thus of the interface altitude H should be found by the means of a minimisation of the residual turbulence power shown in Fig. 7 (bottom) which is left to further investigation. It should be noticed that if the separation is very close to the ground, r 0,top approaches r 0 , since there is no turbulence left in the bottom region; otherwise, as the separation of the two regions approaches the maximum altitude, r 0,bottom reaches the value of the overall r 0 .
The maximum achievable Strehl
The adopted configuration, with two DMs (ground and high altitude layer) and associated FoVs of 6 and 2 respectively, imposes a limitation on the maximum achievable S R. In an ideal noise-free case under the hypothesis of perfect knowledge of the turbulence, the conjugated layers are perfectly corrected. The non-conjugated layers, instead, are corrected by a given DM up to a spatial frequency f c ∝ 1/ (θ∆h), where θ is the FoV associated to the considered DM and ∆h is the distance of the layer from the conjugation plane. This relation describes a hyperbole in a plane ( f, h). The curves corresponding to the two DMs intersect at a certain altitude H (see Sect. 5.1) representing a kind of interface: below this altitude the correction is essentially due to the DM conjugated to the ground, above the interface the major effect is due to the other DM. Using this approximation, it is easy to compute the residual C 2 N profile (Fig. 7) , which is plotted vs. the altitude h and the spatial frequency f . In other words the turbulence at the conjugated altitudes is completely removed while at different altitudes the compensation is only partial, up to a spatial frequency inversely proportional to the distance from the conjugation altitude; this is the consequence of the smoothing effect introduced by the finite FoV associated to the DMs and related detectors. The DM conjugated to the ground adopts a larger FoV and hence the degradation of the correction is faster than for the other DM, characterized by a smaller FoV. The bottom graph in Fig. 7 shows the integral along h of the residual turbulence, exhibiting a spectrum where the low spatial spatial frequencies have been removed.
Using the approximations mentioned before, we have computed the structure function of the residual phase (Roddier 1999) and, finally, the corrected Point Spread Function (PSF) (Fig. 8) . The comparison of this PSF to the ideal diffractionlimited case gives an estimate of the maximum achievable S R with the adopted configuration. Of course the result depends on the exact conjugation range of the DMs, even though for our considerations we may adopt S R ≈ 0.2 as a representative value of the best achievable correction.
Noise propagation
We now proceed to estimate the photon budget for the multiple-FoV system, following the modal analysis of Rigaut & Gendron (1992) of a single-reference AO system. The wavefront is expressed as linear combination of Zernike polynomials (Noll 1976 ) and the AO correction is applied only to the low order terms. The variance of the residual phase in a given angular direction α is
where J max is the highest corrected Zernike mode. The first term in Eq. (10) is the turbulent residual error, associated to the high order modes, the second represents the noise propagated in the wavefront reconstruction and the third one gives the contribution of anisoplanatism, since the residual phase is considered here in the angular direction α displaced from the reference star (α = 0). These terms can be re-arranged according to the expression
where σ 2 min is the combined effect of the high orders and of the anisoplanatism and represents a kind of lower limit to the phase variance, attainable in a noise-free case, whereas σ 2 is the variance associated to the measurement noise, propagating in the wavefront reconstruction. According to the approximation
the S R can therefore be expressed as the product of two factors: the first is the achievable S R in a noise-free case, the second is the S R reduction due to the noise. For our photon budget evaluation, we are interested in the noise term and therefore we can simplify the expression of the residual phase variance σ 2 res considering only the σ 2 term. For a Shack-Hartmann WFS (Rousset 1987 ) the phase variance due to the measurement noise is where λ WFS (0.7 µm here) is the wavefront sensing wavelength, λ (0.8 µm here) is the imaging wavelength, S NR is the signal to noise ratio and p j are the noise propagation coefficients for the jth Zernike mode. These coefficients are given by the relation (Rigaut & Gendron 1992) log(p j ) ≈ −2.00 log(n j + 1) − 0.76 (14) which holds for the jth Zernike polynomial of radial degree n j , except the last two given by log(p j ) ≈ −2.05 log(n j + 1) − 0.53.
The sum of Eq. (13) is extended up to the J max Zernike polynomial; in our calculation we fix J max in order to fill the radial degree N max = D/r 0 , where D is the diameter of the pupil or the meta-pupil and r 0 is the Fried parameter characteristic of the layer we want to correct. Hence we have three different values of N max and, considering the contribution of the three loops completely uncorrelated, the basic relation for the photon budget becomes
where GL6, GL2 and HL represent respectively the 6 FoV detector conjugated to the ground, the 2 FoV detector conjugated to the ground and the 2 FoV detector conjugated to the high altitude layer. The phase variance contributions of the three loops are Fig. 8 . The PSF computed using the residual turbulence profile shown in Fig. 7 is here plotted and compared to the theoretical diffractionlimited PSF and to an uncompensated one.
where, called RON the detector Read Out Noise, the S NR is defined by:
and N is the total number of collected photons arriving respectively in the GL6, GL2 and HL areas. The spatial and temporal sampling of the detectors conjugated to the ground (GL6) and high altitude layers (HL) has been adjusted in order to match the statistical properties (Fried parameter r 0 and coherence time τ 0 ) of the corresponding portions of the atmosphere. In particular r 0 has been computed as in Sect. 5.1, fixing the conjugation altitude of the DMs to ≈0 km and ≈8.5 km respectively. The third detector (GL2) measures a smoothed version of the high altitude turbulence, according to the superposition of the shifted footprints of the reference stars in the 6 anular FoV. Given the low probability of superposition, the corresponding copies of the high altitude turbulence can be considered uncorrelated and the equivalent Fried parameter is
where N s is the number of stars in the anular FoV. We have deliberately limited the number of stars to the reasonable figure N s = 20. Furthermore, since the equivalent r 0 of the two atmosphere portions is quite sensitive to the specific turbulence profile, as shown in Sect. 5.1, we have considered four different cases, characterized by various combinations of the basic parameters of the lower and upper atmosphere. A complete summary is reported in Table 1 , along with the corresponding number of Zernike polynomials considered in each case.
According to Eq. (16) and assuming the same contribution to the overall variance from the three loops, we have evaluated the S NR on each detector needed to give an overall S R = 0.5, corresponding to 50% of the maximum achievable SR in the absence of noise (Sect. 5.2). The S NR has been computed including both photon noise and detector ReadOut-Noise (RON). We have considered two cases with different RON (0.5 and 2.5 e − ). The photon losses have been accounted for an overall QE = 0.1. This figure includes optical losses on the whole optical train and, at a careful analysis, appears to be a conservative choice. For example, in the case of a MCAO demonstrator made by ESO in which one WFS channel is LO based, the final throughput is 0.21 . The computed values of S NR have been transformed into equivalent photon density on each detector considering a wavefront sensing wavelength λ WFS = 0.7 µm (R band) and a bandwidth ∆λ = 0.5 µm. The results are reported in Table 2 , expressed in terms of equivalent magnitudes, assuming a zero point ZP = 6.11 × 10 11 photons s −1 m −2 µm −1 .
Sky coverage
According to the results obtained in the previous section, the sky coverage is likely to be limited by the photon density on the 6 FoV detector conjugated to the ground (GL6) and on the one conjugated to the high altitude layer (HL). The obtained figures have to be compared with the actual photon density realized by integrating the brightness of the natural reference stars within the corresponding FoVs. This computation has been accomplished considering the Bahcall & Soneira (1981) model of the star distribution in the Galaxy. The plots in Fig. 9 show the normalized probability to have a given integrated magnitude over each of the two FoVs of interest, as a function of the magnitude itself and for different values of the Galactic coordinates. It should be noticed that only the 20 brightest stars have been considered in each FoV to compute the equivalent integrated brightness.
Since the probabilities related to the two FoV are uncorrelated, the overall one is the product of the two. The resulting sky coverage, for different Galactic latitudes and atmospheric conditions corresponding to the cases 2 and 4 described in Table 1 , is reported in Table 3 . In regions close to the Galactic Plane it ranges from 1/2 to almost the full sky for average atmospheric conditions depending on the RON. At the Galactic Pole, where the natural star density is much lower, it ranges from 1/6 to 1/3 of the sky. It should be stressed here that this result has been obtained without any optimization of the system and, first of all, considering the noise propagation coefficients of the Shack-Hartmann WFS, hence neglecting the limiting magnitude gain achievable in closed-loop with the pyramid WFS.
An optomechanical design
We consider in the following a possible optomechanical layout like the one devised in Fig. 10 . We assume that the MCAO optical relay has been suitably designed in order to conjugate the DMs with the proper altitude and with a suitable Table 2 . Photon density (expressed in term of R magnitudes) on each detector giving a 50% Strehl ratio reduction due to noise effects. Cases 1, 2, 3, 4 correspond to different combinations of atmospheric parameters, described in sampling of the inter-actuator spacing for the chosen DM technology. Here we just focus on the portion of optical design that strictly refers to the layer-oriented approach. First we show that diffraction-limited imaging performance over a 6 FoV can be easily achieved on the telescope focal plane with a simple field flattener. Then we show a possible design of the objectives which re-image the pupils for layer-oriented wavefront sensing. An additional 1:1 optical relay is shown in Fig. 10 , placed between the pick up mirror of the central field and the reflective pyramids support. This element is not considered here, because its specifications can be easily retrieved from several literature or commercial designs.
Field flattener
The field curvature of the telescope has been corrected with a simple doublet placed near the focal plane. The field flattener, described in Table 4 , is composed of two spherical lenses and ensures diffraction-limited imaging perfomance (Strehl ratio higher than 0.8) over a 6 FoV and a wavelength range from 0.6 to 1.0 µm. The focal ratio of the optical system including the telescope and the corrector is approximately F/15.
Optical relays
The pupil images are focused onto the detectors by means of two objectives (Figs. 11 and 12 ), whose optical specifications are reported in Table 5 .
The objective of the 6 FoV channel conjugated to the ground is composed of five single lenses, whereas the other one includes one singlet and three doublets. All the surfaces are spherical. The focal ratio is F/2.5 in both cases and using a commercial fiber taper with shrinking ratio 5:1 it can be scaled to F/0.5. The optical specifications of the two relays are reported in Tables 6 and 7 . The imaging performance has been optimized by ray-tracing in the wavelength range, from 0.6 to 1.0 µm. The resulting optical quality is such that 80% of the total energy is included in a region smaller than 1/10 of the equivalent r 0 size (see Table 8 ): in this way the spatial resolution of the relays is much better than the sub-aperture size for the LO wavefront sensing.
Further developments
The sky coverage evaluation presented in Sect. 5 has been performed adopting the noise propagation coefficients of the Shack-Hartmann WFS and without any optimization of the main parameters of the system. For these reasons we consider the derived estimate a very conservative one. Furthermore we have neglected a number of items that should be taken into account in a practical implementation of the concept, in order to improve the achievable performance, in terms of Strehl ratio and relative sky coverage.
Using the pyramid WFS
The pyramid WFS (PS) has been conceived by Ragazzoni (1996) as an alternative approach to wavefront sensing in astronomical AO. Over the past few years, the properties of the PS have been extensively studied, both from the theoretical point of view and by laboratory experiments (Riccardi 1998) . The PS has been implemented on AdOpt@TNG, the AO module of the Italian Telescopio Nazionale Galileo .
A notable feature of the PS is the easily adjustable gain and sensitivity, translating into a considerable gain in the limiting magnitude of the reference source over the Shack-Hartmann WFS (SHS). This result has been pointed out in closed loop operation (Ragazzoni & Farinato 1999) and then has been extended to the partial correction regime (Esposito & Riccardi 2001) . The basic reason of this gain is that, in closed loop, the size of the spot on the pyramid pin is essentially equal to the diffraction limit of the telescope. A λ/D tilt aberration, for instance, produces a spot displacement comparable to the spot size and therefore a large signal. In a SHS, instead, the spot size is always limited by the diffraction on the lenslet aperture and the same wavefront aberration considered before generates a much smaller signal, requiring much more photons for a Fig. 9 . Top: normalized probability to find a given surface brightness (integrated R magnitude) over the 6 anular FoV, plotted as a function of the magnitude itself. Bottom: same as before, for the inner 2 FoV. Only the 20 brightest stars have been considered in each case to compute the integrated R magnitude (l and b are the galactic co-ordinates, longitude and latitude respectively). reliable detection. For the same reason, it is clear that the PS gain is larger and larger as the telescope diameter increases.
The limiting magnitude gain of the PS can now be considered in the present sky coverage evaluation, leading to the figures reported in the lower of Table 9 . One can see a substantial increase in the overall sky coverage, although its order of magnitude is not changed. We stress that these figures are obtained assuming no gain in the large FoV anulus (where only a moderate correction is expected and no high-Strhel is achieved) and a partial gain in the central FoV, accordingly to the results published by Esposito & Riccardi (2001) .
A strategy for the reference stars
We have limited our considerations to 20 stars in each FoV, a reasonable number indeed. The 20 brightest stars have been considered, even though this might not always be the optimal choice. The homogeneity of the stars distribution, in fact, is an Table 3 . The first two columns of the upper and lower block are the probability to have the required integrated magnitude on the two FoVs separately. The third column is the combined probability, i.e. the actual sky coverage. The upper block refers to a read-out-noise RON = 2.5 e − , the lower one to a read-out-noise RON = 0.5 e − . Each probability is actually a range of values, corresponding to two limiting cases of atmosphere, a bad one (case 2) and a good one (case 4). It should be stressed that "bad" and "good" refer to the turbulence distribution between the lower and the upper portion of the atmosphere and not to the total turbulence strength.
Gal. Lat. LO with SHS noise coefficients and RON = 2.5 e important factor, in order to have not only the largest amount of photons but also a sufficiently uniform distribution of the light on the high altitude layers. A very uneven brightness distribution among the reference stars might lead to a non-uniform correction, and, in some limiting cases, to instability of the layer-oriented loop. This is a direct consequence of the optical weighting of the reference signals, inherent to layer-oriented, which weights more the brighter stars. It is therefore clear that the choice of the stars must be accomplished in a way to optimize the field homogeneity in the layer conjugated to the higher DM, and this might be done even in spite of the total flux. We just mention here that a new method has been recently proposed to accomplish the PS modulation with no moving part, using a light diffusing plate in an intermediate pupil plane. If a different plate is selected for each star, with a scattering coefficient proportional to the intensity of the star itself, then it is possible to avoid the above mentioned troubles related to the signal weighting. Fig. 10 . An overall sketch of a possible opto-mechanical configuration. The inner 2 FoV is folded by a mirror close to the telescope focal plane and sent, through a 1:1 optical relay, to a magnetic positioner of reflective pyramids, that are to be accomodated by a robotic arm to sense the 20 brightest stars. These pyramids reflects the splitted light into an objective and, through a folding mirror, the light is fed to two CCDs conjugated to the ground and high altitude layer respectively. The 20 brightest stars in the 6 anular FoV are sensed by a set of refractive pyramids set up in the focal plane by a polar robotic positioner and fed, through a dedicated objective, to a CCD conjugated to the ground layer. Fiber tapers are part of the optical design, allowing to a reasonable size of the re-imaged pupils onto the CCDs, allowing the use of commercially available ones. Fig. 11 . The 6 channel conjugated to the ground adopts refractive pyramids. This translates into a considerable amount of unwanted background light that is re-imaged onto a central pupil. The vertex angle of the pyramids, hence, has to be large enough in order to have the four reference pupils suitably separated on the detector plane and avoid any contamination from the background light. This translates into a more demanding performances of this objective in terms of covered field.
Overall optimization
The overall optimization of the system will also be somehow important to improve the final performance. Considering the number of parameters to optimize, the final gain might not be small, even if probably not comparable to the gain introduced by the PS. We identify in this section some items that have to be taken into account for the fine tuning of the system, with a brief description of the related problems. Fig. 12 . The objective of the 2 channel has to re-image the full metapupil embracing the science FoV at the highest altitude where the second DM can be conjugated, assumed to be 15 km here. -FoV. A proper choice of the FoV is very important and the right compromise between a high Strehl and a large FoV has to be found. In the case of the multiple FoV layeroriented approach, there are some more degrees of freedom due to the fact that two different FoVs are considered, the one for the inner region and the one for the anulus. The numbers we have considered here for the two FoVs look reasonable, but we did not attempt any optimization and probably a better compromise is possible. Of course the choice of the FoV size affects also the optical design of the telescope, in a way that a small reduction of the anular FoV has a strong impact on the design itself. Table 9 . Same as Table 3 -DMs conjugation altitude. The exact conjugation range of the DMs has a noticeable impact both on the highest achievable Strehl (Sect. 5.2) and on the sky coverage. In particular we just mention the possibility to conjugated a DM not to the ground but to a certain altitude, ranging from 0 to few hundred meters.
-Spatial and temporal sampling. They have to be optimized depending on the conjugation altitude and on the considered zone of the FoV (central or anulus) for the ground layer. We underline again that this is a unique feature of the layer oriented technique, both classical and multiple FoV, due to the fact that the detectors are conjugated to different portions of the atmosphere.
-Number of stars. As already mentioned, this is another parameter we have fixed to a reasonable figure of 20, without any further investigation. Again in the multiple FoV approach there are some more degrees of freedom, due to the two different FoVs considered and an investigation on the selection criteria must be performed. Is it correct, for example, to consider the same number of stars in the two FoVs? Is it worth considering stars from a common field with a partial overlap in the two FoVs?
Scaling to more than two DMs
In case there is a strong requirement in term of S R, without FoV reductions, or in case the properties of the atmospheric turbulence at the telescope site are such that there is a strong contribution from turbulence located far away from the layers where the DMs are conjugated, the introduction of further DMs is required. There is an almost natural way to Fig. 13 . Generalizing the multiple-FoV concepts to more than two DMs, one can conceive different FoVs for each specific DM. Because of the different smoothing of the layers distant from the conjugated planes, the covered volumes, along the range direction, are likely to be roughly inversely proportional to the different FoVs: a smaller range for the larger FoV on the lowest DM, and progressively larger volumes for smaller FoVs at the higher DMs.
generalize the multiple FoV layer-oriented concept, considering different FoVs for each specific DM. The simplest case of three DMs is shown in Fig. 13 . Concerning the number of required detectors, we just mention here that it might not be necessary to use a specific detector for the intermediate DM added in this example, being possible to reconstruct the correction using the signal collected from the WFS conjugated to the ground layer (Farinato et al. 2001 ).
Scaling to ELTs
The multiple FoV concept can be scaled to ELTs. Apparently the major problem is represented by the size of the optics in the WFS. Scaling the components presented here for a 8 m class telescope results in exceedingly large lenses. However it is possible to modify the optical design (Marchetti & Ragazzoni 2001) , in order to keep the size of the lenses to a reasonable level; this can be accomplished with a longer, though straightforward, optical train. Recently, however, novel optical solutions ) have been introduced in order to keep optics, and especially pupil size on the detector, nearly arbitrarily low. We do not speculate here on these possibilities, just because a further bunch of degree of freedom can be introduced, making an overall optimization a mandatory approach for such giant telescopes.
Another interesting consideration refers to the pupil shape of ELTs that is expected to be significantly more complex than 8 m class telescopes because of large mechanical structures on the incoming beams (like big wires to keep in shape the mechanical truss holding the various optical elements) and the related choice of reference stars is to be carefully tuned in order to avoid that the related shadows (whose conjugation is expected to be a variable and complicated one, because of the large overall size of the ELTs structure) will produce too poor a S NR on some pupil regions.
Conclusion
The layer-oriented approach is a very efficient implementation of the MCAO concept. Among the strong points of such a scheme, we recall the possibility to tune the spatial and temporal sampling of each independent AO loop, the optical co-addition of the light from the reference sources and the limiting magnitude gain of the pyramid WFS in closed loop operation. These concepts, positively combined, lead to the speculation that a layer-oriented system would allow for significant sky coverage using NGS only.
In this paper we have presented a new idea, mostly based on the layer-oriented approach, which leads to a very relevant sky coverage, close to the whole sky on the Galactic Plane and as high as one fifth of the sky at the Galactic Pole, using NGS. The new concept adopts different FoVs for the different portions of the corrected atmospheric volume, in order to maximize the photon density on the relevant scale of interest for wavefront sensing. A larger FoV is used for the ground turbulence, where the photon density might not always be sufficiently high and, on the other hand, the spatial and temporal sampling gain is moderate; a narrower FoV is adopted instead for the high altitude layers, where the tuning of the spatial and temporal sampling ensures an impressive gain. Of course full correction, in a MCAO sense, is possible only within the latter FoV, which can be identified with the science field of interest.
We have described a very simple implementation of the new concept, and, without any optimization, we have derived the above-mentioned relevant results described in Table 3 . In our evaluation we made some simplifications: for instance, we assumed that the integrated light of the stars is uniformly spread over the whole FoV; this approximation is quite strong for an 8 m class telescope, where the overlap at 10 km of altitude for a 2 FoV is ≈40%, but it is very close to the reality in the case of ELTs, where the overlap of the pupils is very high (94% for a 100 m telescope with 2 FoV at 10 km). Furthermore, we did not consider a number of key points, like the optimization of the main parameters of the system and moreover the properties of the pyramid wavefront sensor, which will lead to a further substantial improvement, in terms of achievable correction and sky coverage, as shown in Table 9 . Due to its inherent simplicity, the new concept can be easily modified, either increasing the number of DMs or scaling to much larger telescopes.
